ABSTRACT: The development of effective and well-tolerated biologic therapies has advanced the management of psoriasis by enabling clinicians to treat underlying disease mechanisms. Biologics approved for the treatment of moderate-to-severe psoriasis include three tumor necrosis factor alpha inhibitors and an interleukin-12/interleukin-23 inhibitor. The establishment of the immunological basis of psoriasis has led to the development of biologic agents targeting specific downstream mediators in the psoriatic cascade. These drugs inhibit cytokines and cytokine signaling/ transcription mediators like interleukin-17, which plays an important role in immunopathogenesis. Several interleukin-17 inhibitors are undergoing phase 3 clinical studies. In addition, biologics that selectively inhibit interleukin-23 have been assessed in phase 2 studies. This review describes how the dissection of pathways in the immunopathogenesis of psoriasis has led to the development of therapeutic agents and highlights the latest clinical efficacy, safety and tolerability data on new and emerging biologic therapies that selectively target interleukin-17 or interleukin-23.
Introduction
The development of new biologic drugs that target specific mediators in the immunopathogenesis of plaque psoriasis has transformed management of the disease and has increased the range of options beyond phototherapies and traditional immunosuppressants. Physicians in the Europe Union and America can now choose among five approved biologic therapies that fall into three classes: the tumor necrosis factor alpha (TNF-a) inhibitors (etanercept, infliximab, adalimumab), the interleukin-12/interleukin-23 (IL-12/23) inhibitors (ustekinumab), and an IL-17 inhibitor (secukinumab). In the European Union, all five biologics, including two recent biosimilars of infliximab, are indicated in patients with moderate-to-severe plaque psoriasis, generally for second-line use after immunosuppressants (cyclosporine and methotrexate) or phototherapies. The TNF-a inhibitor etanercept is also approved for use in children and adolescents with chronic severe plaque psoriasis from the age of 6 years. In America, the situation is similar with biologics being approved for use in patients that are unresponsive to other systemic therapies, except secukinumab, which is indicated for patients who are candidates for systemic therapy or phototherapy. However, etanercept has no pediatric indication in America. Treatment guidelines developed by dermatology societies in the European Union (1) (2) (3) (4) (5) (6) (7) and North America (8, 9) provide guidance to physicians on selection of approved biologics and treatment sequencing, as well as issues such as use in patients with comorbidities.
Although outcomes for patients with plaque psoriasis have improved since the introduction of biologic therapies at the end of the 1990s, safety concerns may limit their use, including the risk of serious infections (e.g., tuberculosis), and the potential for increased risk of malignancies or major adverse cardiovascular events (MACE). A greater understanding of the immune pathways involved in psoriasis has led to the identification of new therapeutic options (10) . Here, we briefly review the immunopathogenesis of psoriasis, identify key mediators of psoriatic plaques that are being targeted by new and emerging biologic therapies, and highlight the latest efficacy and safety data from trials of these new agents.
Immunopathogenesis of psoriasis
Psoriasis is a disorder involving keratinocyte hyperproliferation, which interferes with the keratinocyte terminal differentiation program. This results in poorly adhesive stratum corneum and the formation of the characteristic plaques seen in psoriasis (11) (12) (13) . The psoriatic keratinocyte is now known to be driven by an immunemediated chronic inflammatory response. Although the exact cause is unknown, the development of psoriasis involves a complex interplay between genetic and environmental factors (e.g., skin injury, infection, stress, certain prescription drugs, smoking, alcohol, and obesity) (13, 14) . More than 20 different susceptibility genes associated with psoriasis have been identified through several genome-wide association studies, indicating the heterogeneous nature of the genetic susceptibility (15) . Psoriasis genes fall into five main functional categories: those associated with acquired immunity (antigen presentation and helper T cell [T H ] 17 activation) and those associated with innate immunity (nuclear factor kappaB pathway signaling, type 1 interferon induction, and skin barrier function) (16) .
Initially, psoriasis was considered to be primarily a keratinization disorder (11, (17) (18) (19) . Since the 1970s, however, it has been established that immune cells (particularly T cells and dendritic cells) are present in psoriatic lesions and play a pathologic role. Later research established that the epidermal abnormalities are, in fact, T-cell driven (11) (12) (13) . The role played by various cytokines in the immunopathogenesis of psoriasis is shown in FIG. 1 (12, 13, 20) .
Emerging immunotherapeutic targets for psoriasis Targeting IL-23 alone
Evidence is accumulating to suggest that IL-23 and its resulting T H 17 pathway play a more important role in psoriasis than IL-12 (21, 22) . Thus, selective inhibition of IL-23 may be viewed as a refinement on inhibition of both IL-12 and IL-23 by ustekinumab. Both IL-12 and IL-23 are composed of 2 subunits: IL-12 has p40 and p35 subunits, whereas IL-23 shares the p40 subunit but has a distinct p19 subunit. Results of numerous studies have indicated that levels of p19 and p40 mRNA, but not p35 mRNA, are substantially increased in psoriatic lesional skin compared with psoriatic nonlesional skin (21, 22) . Immunohistochemical analyses show p40 and p19 protein expression in dermal dendritic cells and keratinocytes within psoriatic lesions. Moreover, correlations have been demonstrated between reductions in IL-23 levels and clinical improvements in psoriasis (21) . Secretion of IL-23 by dermal dendritic cells is believed to activate T H 17 cells to release proinflammatory cytokines such as IL-17A, which in turn, drives and sustains the psoriatic disease process (23) .
The above findings, coupled with the role of IL-12 in the T H 1 response and host defense against intracellular pathogens, suggest that preserving this cytokine may be beneficial and have led to the development of specific anti-p19 monoclonal antibodies (22) . The most advanced of these agents are tildrakizumab and guselkumab, both of which have shown promising results in phase 2 trials (Table 1) (24, 25) .
Tildrakizumab. Tildrakizumab is a humanized immunoglobulin (Ig)G1k monoclonal anti-IL23p19 antibody that does not bind to IL-12 or p40 (25) . Phase 3 studies in moderate-to-severe chronic plaque psoriasis are ongoing, and initial results of a 52-week randomized, double-blind, dose-finding, phase 2 study were reported recently (25) .
Efficacy. In the phase 2 study, the efficacy and safety of four doses of tildrakizumab (5, 25, 100, and 200 mg) administered by subcutaneous injection at weeks 0 and 4 were compared with placebo (25) . The proportion of patients with a 75% improvement in psoriasis area-and-severity index score (PASI 75) at week 16 (primary endpoint) was significantly higher in all four active treatment groups compared with placebo (Table  1) . Patients who achieved a PASI 75 response at week 16 were eligible to receive treatment every 12 weeks for a further 40 weeks. Results have not been reported in patients who continued to receive the tildrakizumab 5-mg or 25-mg doses, but the number of patients continuing to achieve (12, 13, 20) . Activated keratinocytes produce antimicrobial peptides, proinflammatory cytokines (IL-1b, TNF, and IL-6), and various chemokines that feedback into the proinflammatory cycle. This feedback loop, as well as others involving fibroblasts and endothelial cells, results in the continued immunopathologic progression of psoriasis. In the two trials of secukinumab, a more rigorous version of the PGA scale was used, which also required an a reduction in score from baseline of at least 2 points. e
In the SCULPTURE trial, the treatment regimen changed after week 12; PASI 75 responders were rerandomized to receive secukinumab at the same dose, but with fixedinterval, monthly dosing, or with retreatment as needed (dosing only at the start of a relapse) up to week 52. Safety and tolerability. The overall incidence of adverse events (AEs) and serious AEs (SAEs) during the 52-week treatment phase of this study have not been reported. However, the most frequent AEs across the tildrakizumab groups were nasopharyngitis, headache, hypertension, and diarrhea (25) . The SAEs that were considered to be possibly related to tildrakizumab included bacterial arthritis, lymphedema, melanoma, stroke, epiglottitis, and knee infection. One death of undetermined cause was reported (treatment group unspecified), and malignancies (rectal cancer, malignant melanoma and malignant melanoma in situ), serious infections (sinusitis, epiglottitis, and cellulitis), and ischemic stroke were reported in one patient each. In the 20-week posttreatment follow-up period, three patients had serious infections (mycoplasma pneumonia, pneumonia, and soft tissue infection) and one major cardiovascular event was reported (thrombotic cerebral infarction) (25) . At present, it is unclear whether there was a relationship between the dose of tildrakizumab and the incidence of AEs.
Guselkumab. Guselkumab is a human IgG1 monoclonal anti-IL-23 antibody (33, 34) . It is in a similar stage of development as tildrakizumab: phase 3 studies are ongoing and initial results of a phase 2, dose-ranging study are available (24) .
Efficacy. In the phase 2, double-blind study, patients were randomized to receive subcutaneous injections of guselkumab 5, 50, or 200 mg (at weeks 0 and 4, then every 12 weeks), guselkumab 15 or 100 mg (at weeks 0 and 8, then every 8 weeks), adalimumab (as indicated in the label), or placebo for up to 52 weeks (24) . At week 16, proportionately more patients in all five guselkumab groups achieved PGA scores of 0 or 1 (primary endpoint) and PASI 75 (secondary endpoint) than in the placebo group (Table 1) . The change in mean dermatology life quality index (DLQI) scores from baseline to week 16 (secondary endpoint) also significantly favored guselkumab over placebo (p 0.008, all comparisons) (24) . A post hoc analysis indicated that the proportions of patients achieving a response at week 40 were higher with the guselkumab 50-mg, 100-mg, and 200-mg dose groups than with adalimumab (24). Safety and tolerability. AEs were reported in 65% of patients receiving any dose of BI 655066 over the 24 weeks of the study; with the most common AEs being nasopharyngitis (13%), headache (10%), and upper respiratory tract infection (10%) (36) . SAEs were reported in 13% of patients treated with BI 655066 and consisted of a single event of alcoholic pancreatitis, ischemic thalamic stroke, transient ischemic attack, and polymyositis. None of the SAEs were considered related to study treatment by the investigators. There were no deaths during the study.
Targeting IL-17
Evidence is now emerging that IL-17 is a key cytokine in the immunopathogenesis of psoriasis at the keratinocyte level (37, 38) . (38) . IL-17A has proinflammatory effects on keratinocytes, macrophages, and endothelial cells and is responsible for increased downstream production of cytokines (20, 39, 40) . IL-17A binds to receptors on keratinocytes and induces expression of neutrophil, T-cell, and dendritic-cell chemokines that lead to the migration of neutrophils, memory T cells, and dendritic cells to psoriatic lesions (37) . Neutrophils attracted to the skin by chemokines released from IL-17A-stimulated keratinocytes can affect the growth and differentiation of keratinocytes, in addition to causing local tissue damage by producing reactive oxygen species and proteolytic enzymes (37) . Secukinumab, a monoclonal antibody that targets IL-17A, has been approved for the treatment of moderate-to-severe psoriasis, and one other monoclonal antibody that inhibits IL-17A (ixekizumab) and one that blocks the IL-17 receptor (brodalumab) are being researched for the treatment of psoriasis (FIG. 2; 38,40-42 ). Key findings from phase 2 and 3 trials of these agents in patients with moderate-to-severe plaque psoriasis are summarized in Tables  1  and  2  (26,29 -32,43,44) . RG7624, an antibody that targets both IL-17A and IL-17F, is also being investigated for the treatment of psoriasis but no clinical trial results have been reported for this agent (45) .
Secukinumab. Secukinumab is a fully human IgG1j monoclonal anti-IL-17A antibody (38) . Results are available from five phase 3 studies: the Full year Investigative eXamination of secukinumab versus eTanercept Using 2 dosing Regimens to determine Efficacy in psoriasis Efficacy. FIXTURE and ERASURE were both 1-year randomized, double-blind studies that had the same coprimary endpoint and assessed secukinumab at doses of 150 and 300 mg. Secukinumab was compared with placebo (FIXTURE and ERASURE) and with etanercept (FIXTURE only). A nonresponder imputation analysis was used to evaluate both trials. Both studies met the coprimary endpoint at week 12, with significantly higher proportions of secukinumab-treated patients achieving PASI 75 and scores of 0 (clear skin) or 1 (almost clear skin) with an improvement from baseline of at least two points on the static Investigator's Global Assessment (IGA modified 2011) of overall psoriasis severity than those receiving placebo or etanercept (p < 0.001, all comparisons; Table 1 ). All secondary endpoints were also met in both studies. Significantly higher proportions of patients in the secukinumab groups achieved PASI score improvements of 90% (PASI 90; almost clear skin) and 100% (PASI 100; completely clear skin) than those receiving either etanercept or placebo (p < 0.001, all comparisons; Table 1 ). Improvements in PASI score became evident as early as week 2, with a significantly shorter median time to 50% reduction in mean PASI score from baseline with secukinumab 300 mg (3.0 weeks) and 150 mg (3.9 weeks) than with etanercept in the FIXTURE study (7.0 weeks; p < 0.001, both comparisons) (26) . Importantly, the improvements were also maintained at 1 year in significantly higher proportions of secukinumab-treated patients than those receiving etanercept; 82-84% of patients receiving secukinumab maintained a (11) 3 (10) 3 (10) 4 (14) 5 (19) Upper respiratory tract infection 1 (4) 3 (10) 1 (3) 1 (4) 1 (4) Injection-site reaction 0 3 (10) 1 (3) 2 (7) 0 Headache 4 (14) 4 (13) 1 (3) 1 (4) 1 (4) Allergy or hypersensitivity 1 (4) 1 (3) 2 (7) 1 (4) Reported in more than 5% of patients in any active treatment group. c Indicates worsening of psoriasis; the protocol suggested that psoriasis, being the studied indication, was not to be reported as an AE by the investigators. AE: adverse event; NR: not reported; SAE: serious adverse event.
PASI 75 response between weeks 12 and 52 compared with 73% in the etanercept group (p < 0.01, both comparisons) and a similar trend was observed for maintenance of a PASI 90 response between weeks 16 and 52 (26) . In ERA-SURE, the benefits were similar, with further increases in the response rates for PASI 75, PASI 90, PASI 100, and modified IGA scores of 0 or 1 from week 12 to week 16 in both secukinumab groups, which were then maintained to 52 weeks (26) . In both studies, a significantly higher proportion of patients reported no impact of disease on their quality of life (as indicated by a DLQI score of 0 or 1) in both secukinumab groups (300 mg, 57-59%; 150 mg, 46-51%) than in the placebo groups (7-10%; p < 0.001, all comparisons); in the FIXTURE study the difference was also significant versus etanercept (35%; p < 0.001, both doses). These DLQI response rates were maintained at 1 year with both doses of secukinumab (300 mg, 66-70%; 150 mg, 49-56%).
Initial results have also been reported for the 1-year SCULPTURE study, which assessed the maintenance of efficacy of secukinumab (300 and 150 mg) when administered at fixed, monthly intervals versus retreatment as needed (i.e., only at the start of a relapse) after an initial induction period of 12 weeks (29) . At the end of the induction period, the proportions of patients achieving PASI 75, PASI 90, PASI 100, or modified IGA scores of 0 or 1 were numerically similar to those reported in FIXTURE and ERASURE (Table 1) . Patients who initially achieved PASI 75 or PASI 90 at week 12 were more likely to maintain their response at 1 year if they received secukinumab at fixed, monthly intervals compared with treatment only at start of relapse. The secukinumab 300-mg dose was considered to be more effective than the 150-mg dose (29) . Similar efficacy was observed at week 12 in the FEATURE and JUNC-TURE trials which evaluated self-administration of secukinumab by pre-filled syringe or autoinjector, respectively (27, 28) . In both trials, patients reported high levels of device usability.
Safety and tolerability. In the FIXTURE study, the overall exposure-adjusted incidence rates over 52 weeks for AEs and SAEs were similar with secukinumab 300 mg (252 and 6.8 events per 100 patient-years, respectively), secukinumab 150 mg (236 and 6.0 events per 100 patient-years) and etanercept (243 and 7.0 events per 100 patientyears) (26) . In the placebo group, the equivalent rates were slightly higher (330 and 8.3 events per 100 patient-years). The incidence rates of AEs and SAEs in ERASURE were consistent with those of FIXTURE (26) . There were no clinically apparent differences in the types of SAEs among the study groups in either study and no deaths occurred during the treatment period in either study. In both studies, the most common AEs in the secukinumab groups (reported in more than 5% of patients) during the induction period and the entire treatment period were nasopharyngitis and headache; in FIXTURE, diarrhea was also reported in more than 5% of patients. Across both studies, there were no apparent doserelated effects in AEs between the secukinumab groups, with the exception of nonserious Candida infections, which were reported in a higher proportion of patients in the 300-mg groups (FIXTURE, 4.7%; ERASURE, 2.0%) compared with the 150-mg groups (FIXTURE, 2.3%; ERASURE, 0.8%); all Candida infections were mild or moderate in severity, localized, and resolved spontaneously or with standard therapy, without the need to discontinue secukinumab. AEs in the system organ class infections and infestations were more frequent in both studies in the secukinumab groups than in the placebo groups during the entire 52-week treatment period (secukinumab, 92-105 events per 100 patient-years; placebo 84-90 events per 100 patient-years). Across both studies and over 52 weeks, serious infections (n 5 13), malignant or unspecified tumors (n 5 12) and MACE (n 5 6) were reported in < 1% of patients with either secukinumab dose. Two patients in 300-mg group had MACE (one patient had two myocardial infarction events and one patient had a cerebrovascular infarction); the remaining four MACE occurred in the secukinumab 150-mg group (ischemic stroke, moyamoya disease, cerebrovascular accident, and myocardial infarction). Evaluation by a blinded adjudication committee determined that the moyamoya disease event did not meet MACE adjudication criteria. Grade 3 neutropenia was reported in 10 patients treated with secukinumab in FIXTURE or ERASURE; grade 4 neutropenia was not reported in any patient receiving secukinumab across both studies. In FIXTURE, injection-site reactions were 15-fold less frequent with secukinumab (0.7%) than with etanercept (11.1%). Development of antibodies to secukinumab was uncommon: 0.4% of patients in the FIXTURE study (none were neutralizing) and 0.3% in ERA-SURE (classified as neutralizing in 1 patient; 26).
Ixekizumab. Ixekizumab is a humanized IgG4 monoclonal antibody that neutralizes IL-17A. Phase 3 studies, including head-to-head comparisons with etanercept and adalimumab, are ongoing and the results of a phase 2, doubleblind, placebo-controlled trial have been reported (31) .
Efficacy. In the phase 2 study, patients were randomized to receive ixekizumab 10, 25, 75, or 150 mg, or placebo (31) . At 12 weeks, significantly higher proportions of patients in the ixekizumab 25-mg, 75-mg, and 150-mg groups, but not the 10-mg group, achieved PASI 75 (primary endpoint) or PASI 90 (secondary endpoint) than in the placebo group (p 0.001, all comparisons; Table 1 ). Differences in the proportions of patients achieving PASI 100 (secondary endpoint) were significant versus placebo for the ixekizumab 75-mg and 150-mg groups only (p 0.001, both comparisons). Static PGA scores of 0 or 1 were achieved by proportionately more patients at week 12 in the three highest dose groups (25, 75 , and 150 mg) compared with placebo (Table  1) . With the two highest doses, the differences in response rates for PASI 75 and PGA scores of 0 or 1 were observed at week 1 (p values not reported) and were maintained through week 20 (p < 0.05 at all assessments from week 6 onwards; 31). Changes in score from baseline to week 12 favored the highest doses of ixekizumab over placebo for Nail Psoriasis Severity Index (75-mg and 150-mg doses), Psoriasis Scalp Severity Index (25-mg, 75-mg, and 150-mg doses), and a joint pain visual analogue scale (150-mg dose; p 0.05, all comparisons). In addition, changes in mean DLQI scores and an itch severity score at weeks 8 and 16 favored the 25-mg, 75-mg, and 150-mg doses of ixekizumab over placebo (p < 0.001, all comparisons).
Safety and tolerability. Over 20 weeks, the overall incidence of AEs was similar to placebo when all doses of ixekizumab were combined (Table  2 ) (31) . No SAEs or deaths were reported. Infection or infestation AEs, including nasopharyngitis and upper respiratory infections, were the most common AEs. No grades 3 or 4 neutropenia was reported. Injection-site reactions were reported in 5.2% of patients receiving ixekizumab.
Brodalumab. Brodalumab is a human IgG2 monoclonal antibody that binds to and blocks IL-17R, the receptor subunit shared by IL-17A, IL-17F, and IL-17A/F heterodimer ligands (38) . Phase 3 studies in plaque psoriasis (140-mg or 210-mg doses) are ongoing and the results of a phase 2, double-blind, placebo-controlled, doseranging study have been reported (32) .
Efficacy. In the phase 2 study, patients were randomized to receive subcutaneous brodalumab 70, 140, 210 (at day 1 and weeks 1, 2, 4, 6, 8, and 10), or 280 mg (once monthly), or placebo (32) . Mean percentage improvement in PASI score from baseline to week 12 (primary endpoint) favored brodalumab over placebo (p < 0.001, all comparisons). PASI 50, 75, 90, and 100, and PGA scores of 0 or 1 at week 12 (secondary endpoints) were also reached in proportionately more patients in the brodalumab groups than in the placebo group (p 0.05, all comparisons; Table 1 ). At week 12, brodalumab also reduced the mean body surface area affected and was associated with lower mean DLQI scores than placebo (p 0.01, all comparisons). The brodalumab 280-mg regimen did not appear to confer any additional benefits over the 210-mg or 140-mg doses (32) .
Safety and tolerability. The overall incidence of AEs was higher with the 210-mg dose of brodalumab (82%) than with the other three doses (68-73%; 32). Although the overall incidence of infections and infestations was not reported, nasopharyngitis and upper respiratory tract infections were the most frequent AEs, followed by arthralgia, injection-site erythema, extremity pain, and nausea (all reported in more than 5% of patients in any group). In the brodalumab groups, one case of renal colic (in the 70-mg group) and one case of grade 3 neutropenia (in the 210-mg group) were reported as SAEs. Grade 3 neutropenia was reported in two patients in the brodalumab 210-mg group; in one of these patients who reinitiated brodalumab after normalization of neutrophil counts, neutropenia returned, and treatment was discontinued. Antibodies to brodalumab were detected in 5-10% of patients (none were classified as neutralizing antibodies)(32).
Summary
Based on evidence from clinical studies, IL-23 and IL-17 appear to be suitable targets for moderate-to-severe psoriasis. Emerging biologic therapies that selectively inhibit either IL-23 or IL-17 significantly reduced the severity of moderate-to-severe plaque psoriasis during 12-16 weeks of treatment. Initial results from the phase 2 studies of the selective IL-23 inhibitors indicate that this efficacy may be maintained for up to 40 weeks (guselkumab) or 52 weeks (tildrakizumab). However, full results from these studies and further phase 3 studies are awaited. The three selective IL-17 inhibitors have also all shown convincing efficacy over 12 weeks, although the 1-year results of large-scale phase 3 studies have only been reported for secukinumab. In these studies, the efficacy of secukinumab was not only superior to placebo, but also to etanercept. In addition, the PASI and IGA modified 2011 response rates were maintained up to 52 weeks, with numerically higher rates than in patients treated with etanercept.
Whether selective inhibition of IL-23 or IL-17 will result in similar or improved safety profiles compared with TNF-a or IL-12/23 inhibition, remains to be established from long-term studies and real-world evidence because, although pivotal trials are powered to evaluate efficacy and common AEs, AEs of special interest require broader patient populations and longer time periods to detect. However, these new biologic therapies show great promise and, if approved, would increase the range of options for patients with plaque psoriasis.
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